Brain lesion and stimulation studies have suggested posterior parietal cortex and the medial 9 intraparietal sulcus in particular as a crucial hub for online movement error corrections. However, 10 causal evidence for this is still sparse. Indeed, lesion studies are potentially confounded by 11 compensatory reorganization mechanisms while brain stimulation studies have produced 12 heterogeneous results when employing transcranial magnetic stimulation. Here we employed a 13 complementary approach using fMRI-guided high-definition transcranial direct current stimulation 14 (HD-tDCS) of the left medial intraparietal sulcus (mIPS) to re-examine the role of mIPS in online 15 reach corrections to jumping targets. We obtained two independent measures of stimulation-induced 16 changes in brain activity by modeling current flow in the brain and through EEG recordings before 17 and after the stimulation. To quantify behavioral effects we computed movement curvature as a 18 measure of online correction. We demonstrate that both of our measurements of brain activity were 19 consistent with a polarity-specific modulation of the online correction for targets jumping to the 20 contralateral side of the stimulation. Importantly, using a mediation analysis of the relationship 21 between stimulation current and movement curvature, we provide causal evidence that the induced 22 current modifies brain activity, which then leads to the observed behavioral changes. This unique 23 combination of methods and analysis thus provides complementary evidence for the crucial role of the 24 posterior parietal cortex in online error correction, while at the same time setting a new 25 methodological standard with respect to the causal influence of transcranial direct current stimulation. 26
Introduction
In order to interact with objects in our environment we often bring our hands to the object to 33 manually explore and manipulate them. Those movements can be inaccurate due to sensory- of the PPC might be more involved in movement planning than in online control. 66 Additionally, due to their complexity TMS studies typically only have a limited sample of 67 participants which often show inconsistent results with a general increase in the variability of 68 the online correction behavior (Desmurget et al. 1999) . Lesion studies (see Cavina-Pratesi, 69 Connolly & Milner, 2013; Buiatti, Skrap & Shallice, 2013) provide evidence for some causal 70 involvement of the PPC, but cannot point to the exact mechanisms underlying behavioral 71 differences (Jonas & Kording, 2017) and suffer the confound of compensatory brain 72 reorganization mechanisms (see Rorden & Karnath, 2004) . 73 Therefore, we aimed at reinvestigating the causal role of the PPC in online control by using 74 transcranial direct current stimulation (tDCS). tDCS is a noninvasive method to increase or 75 decrease cortical excitability in humans. In contrast to TMS, which disrupts the cortical 76 output of an area through the generation or inhibition of spikes ( underlying the relationship between behavioral and neural changes following tDCS are not 93 well established. Here, we address this relationship by measuring EEG before and after 94 stimulation and relate these recordings to the individual sources of anatomical variability 95 4 through current modeling. In addition, we use the EEG recordings to test if changes in brain 96 activity are directly related to changes in the online correction behavior. Of special interest, 97 are particular brain oscillations that are thought to be a mechanism for cortical 98 communication during motor planning and execution ( knowledge our study is the first one that combines all these relevant measures. We designed a 110 mediation analysis (Baron & Kenny, 1986) based on the modeled current, changes in brain 111 oscillations and the changes in behavior to reconstruct the causal structure of the stimulation. 112 By leveraging the double dissociation in current polarity afforded by tDCS and our unique set 113 of measurements, we demonstrate that the induced current is related to the behavioral 114 changes, but importantly this relationship is mediated by altered brain activity. By applying 115 such an interventional methodology (Marinescu, Lawlor & Kording, 2018), our results 116 provide causal evidence for the role of mIPS in online reach correction, while also 117 establishing a new methodological approach with respect to the causal influence of 118 transcranial direct current stimulation.
119

Methods
120
Overview. By stimulating the left mIPS with HD-tDCS we aimed to provide complementary 121 evidence for a causal role of the PPC during the online control of right-arm reaching. By 122 combining detailed psychophysics, current forward modeling and independently measured 123 stimulation-induced EEG changes, we sought to establish a causal relationship between the 124 induced current, changes in brain activity and the altered behavior. We made use of the 125 bidirectional effect of tDCS by stimulating all participants with anodal and cathodal 126 stimulation in randomized order on two different testing days, separated by at least one week. 127 To achieve anatomically accurate stimulation of the targeted area, we used task-based fMRI 128 to localize the left mIPS in each participant and registered the location on the skull (see fMRI 129 localizer task and preparation of stimulation) to place the electrodes for the stimulation 130 accordingly (see HD-tDCS). Based on the placement of the electrodes and the participant's 131 brain scan we were able to model the current flow and quantify the expected effect of the 132 stimulation at the targeted site on a subject-by-subject level (see Current Forward 133 Modeling). For the behavioral experiment, each day was divided into three different 134 consecutive sessions (baseline, stimulation, and post-stimulation). To independently measure 135 changes in brain activity caused by the stimulation we used the same electrodes as during 136 HD-tDCS stimulation to record the EEG response in the baseline and post-stimulation 137 sessions (see EEG Recording). During the baseline session participants performed four 138 blocks without any stimulation to obtain a representative measurement of their performance. 139 The task was to reach to the location of visually presented dots, and some of them jumped to a Depiction of the different trial types during the experiment. In static trials participants had to 163 perform reaching movements to one of three possible target locations. In the jumping trials 164 participants started their hand movement to the central target but it jumped either to the left or 165 the right at hand movement onset. 166 fMRI localizer task. To localize the left mIPS in each participant, all participants took part in 167 a localizer testing session in an MRI-scanner prior to the main experiment (see figure 1B ). 168 MR imaging was performed at the Queen's MRI facility using a 3-Tesla Magnetom Trio 169 scanner (Siemens Medical Systems, Erlangen, Germany). The left mIPS was functionally 170 localized on an individual basis using an interleaved center-out reaching task (Vesia et al., 171 2010; Vingerhoets, 2014) . 172 Inside the MRI, the participant rested supine with a 32-channel head coil worn on the head. 173 All stimuli were rear-projected using an LCD projector (NEC LT 265 DLP projector; 174 resolution, 1024 x 768; 60 Hz refresh rate) onto a screen mounted behind the participant, and 175 viewed by the participant via a mirror mounted to the head coil directly above the eyes. In to the onset of each reach and saccade block, with its duration based on block length. In a 207 whole-brain analysis for each, the BOLD signal was contrasted between the reaching 208 condition and the fixation condition to identify the hotspots of the left mIPS. The location of 209 the left mIPS was defined by selecting the voxel peak medial to the intraparietal sulcus in the 210 left hemisphere (Vingerhoets, 2014) . Participants were asked to perform reaching movements from an initial starting location to a 240 visual target at one of three possible target locations. In some of the trials, the visual target 9 changed position at the onset of hand movement. At the beginning of each trial, a white dot 242 (30 pixels diameter) indicated the starting location. The starting location was presented on the 243 horizontal midline slightly above the bottom end of the screen. Participants had to place their 244 right hand at the starting location and were told to also look there. Although participants could 245 not see their own hand in the experiment, during the beginning of the block or after the end of 246 the previous trial a red marker indicated their hand position within 5cm of the start position to 247 guide them back to the starting location. When the hand was kept at the starting location for 248 500 ms (defined as a frame of 50 pixels around the starting location) the starting location 249 disappeared and a dot representing the target locations appeared. The central target was 250 presented in a distance of 23 cm above the starting location, at the midline of the screen. The 251 left and the right target locations were placed at the same height, but displaced laterally by 7.5 252 cm relative to the center target. As soon as the target appeared, participants were instructed to 253 make a reaching movement to the target location and were allowed to move their eyes. The 254 target stayed on for 1000 ms and afterwards the starting location appeared to signal the start 255 of the next trial (see figure 1C ). based on the distance between the endpoint and the target location and the precision of the 303 movements was defined as the area of an error ellipse which contained 95% of the movement 304 endpoints. 305 The main variable that we used to quantify the online correction performance was the 306 normalized curvature. The normalized curvature was defined as the maximum distance 307 between the movement trajectory and a straight line which connected the start and the 308 endpoint of the hand movement, divided by the length of the trajectory of the movement. 309 Additionally, we did not only look at the absolute curvature of the trajectory, but also 310 analyzed the development of curvature over time. Therefore, we aligned all trials on the 311 calculated onset of the online correction and calculated the curvature in the same way with a 312 sliding window of 100 ms in steps of 10 ms. We normalized the curvature over time based on 313 the maximum curvature for the respective baseline session and then compared the peak 314 curvature depending on the session and stimulation type. To quantify the effect of the 315 stimulation on behavior we computed the difference between the stimulation and the baseline 316 session for anodal and cathodal stimulation for our two measurements of curvature, absolute progressive decrease in the strength of the resulting electric field closer to neural tissue. Current 345 models were performed in SimNIBS, with tissue conductivity values given in Table 1 . 346
The MR images were segmented into tissue categories (scalp, skull, cerebrospinal fluid, gray tetrahedral surface. A ring mesh was generated with a 3cm radius to automatically place the 4 surrounding electrodes. Center electrodes were set to apply +/-2mA, and each surrounding 356 electrode -/+ 0.5mA. The system of partial differential electromagnetic equations was solved 357 using a conjugate gradient method to compute the vector field. 358 The resulting electric field is a vector field with a magnitude and orientation at the target site. 359 We thus computed the magnitude of the radial and tangential (orthogonal complement of 
392
To be able to represent that correlation and use it for the mediation analysis, we averaged the 393 TFR differences in these time windows and took it as a measure of induced changes in the 394 EEG. Following this, we correlated the changes in EEG with the behavioral changes. After 395 these individual steps, the crucial step was now to compute the partial correlation between the 396 induced current and behavior while controlling for the changes in EEG, allowing us to 397 establish the causal structure of our stimulation.
398
Exclusion of trials. We had to exclude some trials from our analysis due to a missing signal 399 of the Optotrak marker or where we could not determine hand movement onset or offset 400 (~6.5% of trials). Additionally, we excluded trials with hand movement onset latency faster 401 than 100 ms or slower than 700 ms, indicating that participants probably did not conform to 402 the task (~5.9% of trials). For the online correction targets, we excluded trials where the 403 maximum deviation between the trajectory to the central target and the jumped target was less 404 than 3 cm and the calculated online correction latency was outside of 100 and 700 ms, 405 indicating that no appropriate correction had been made (<0.1% of trials). To calculate the 406 average value for the baseline session we excluded trials from the first block, in order to 407 eliminate contamination from any practice effects. 408 This led to a total of 13850 out of 15840 trials (9 Participants *1920 trials -9 Participants * 2 409 Days* 80 trials for the exclusion of the first block). For our EEG analysis we had to exclude 410 the data from one participant as due to technical problems with determining the timing of the 411 trials in the EEG-recording.
412
Results 414 We used HD-tDCS over the left mIPS to elucidate the causal role of the PPC for online-415 control during reaching movements. In our task, participants had to perform reach-to-point for the targets that jumped at hand movement onset. The red circles depict the target location. 435
Separate error ellipses were fitted to each of the possible conditions. 436
Movement accuracy and precision. To verify that participants were able to adjust their 438 movements online we examined the trajectories of the individual arm movements (see Figure   439 3A). Participants were able to correct their movement in flight and land close to the same 440 position as for the static movements. In order to assess the performance of the reaches we 441 analyzed at the endpoints of the reaching movements. We calculated the horizontal-and 442 vertical-position error as measurements of the accuracy and fitted an error ellipse to the 443 endpoints of each condition as an indicator of the precision (see Figure 3B ). We did not The interactions showed that there was an additional effect caused by the type of stimulation. 464 We found a significant interaction between polarity and session (F (2,16) = 5.216, p = .018, η² 465 = .395) and between target location and polarity (F (1,8) = 6.514, p = .034, η² = .449). While 466 the curvature was slightly higher for the anodal stimulation blocks during the baseline, there 467 was a reduction in curvature during anodal stimulation, which did not occur with cathodal 468 stimulation (see Figure 4 A). We investigated this effect further by running two repeated 469 measures ANOVAs only with the factor Session for the anodal and the cathodal values, 470 respectively. While we found a significant reduction over the sessions for the anodal 471 stimulation (F (2,16) = 8.002, p = .004, η² = .500), there was no reduction of the curvature for 472 the cathodal stimulation (F (2,16) = 0.474, p = .631, η² = .056). The interaction between target 473 location and polarity was based on a higher curvature for cathodal than for anodal stimulation 474 for rightward (contralateral) targets (see Figure 4 B ). There is a marginal reduction of the 475 curvature for anodal stimulation for targets corrected to the right in comparison to the left (t 476 (8) = 2.16, p = .063), but no difference depending on the direction with cathodal stimulation (t 477 (8) = 0.16, p = .878). Thus, taken together there seems to be a reduction of curvature with 478 anodal stimulation, whereas an increase in curvature with cathodal stimulation. This effect 479 was most prominent for targets jumping to the right, i.e., the contralateral side of the course in the baseline condition and computed the difference between the peak curvature for 497 the stimulation session and the baseline value. We did so for each of the polarities as well as 498 for targets both jumping to the right and left (both polarities are shown in Figure 5 A, but note 499 that only trials jumping to the right are shown). We found a significant difference between the 500 anodal and cathodal stimulation only during the stimulation for targets jumping to the right (t 501 (8) = 3.725, p = .006), which was not present on the left side (t (8) = 1.37, p = .21). The fact 502 that the contralateral side is significant but the ipsilateral is not, is not enough to show that 503 both sides are actually different. Thus, we compared the difference between anodal and 504 cathodal stimulation on both sides directly and again obtained a significant result (t(8) = 505 2.687, p = .028), indicating a hemifield specific effect of the stimulation. Furthermore, anodal 506 stimulation led to a reduction in curvature, whereas cathodal stimulation led to an increase. 507 Thus, in contrast to the latency of the online control system, we found a significant effect of 508 the stimulation on the curvature of the reaching trajectories. Anodal stimulation seems to lead 509 to a more effective updating and correction of the ongoing movement for targets that jumped 510 into the contralateral field from the stimulation site, whereas the opposite was the case for 511 cathodal stimulation. 523 Thus far our results indicate a relation between the polarity of the stimulation that we induced 524 and participants' online correction behavior. To test for a causal relationship, we next sought 525 to provide evidence that the amount of current delivered to the mIPS, quantified based on an 526 individual model of current flow for each participant (see current forward modeling in 527 methods), is directly linked to their behavior and that this relationship is mediated by a change 528 in brain activity. To establish such a relationship our data need to fulfill the following three 529 criteria: (1) There needs to be a correlation between the induced current and the change in 530 behavior.
Causal relation between induced current and behavioral changes
(2) There needs to be a relationship between the induced current and changes in 531 brain activity, quantified in our case via EEG measurement before and after the stimulation. 532 (3) The altered brain activity needs to be related to the changes in behavior and crucially this 533 relationship must be the determining factor for the correlation between the induced current 534 and the behavior.
535
(1) Relationship between induced current and behavior. To test this relationship, we first 536 quantified the induced current. We estimated the current that affected the left mIPS based on 537 the electrode placement and the structural MRI scan of each participant (see current forward 538 modeling in methods). The current was decomposed in its radial and tangential component. 539 By design, anodal stimulation led to positive values, whereas cathodal stimulation led to 540 negative values. We correlated the reconstructed current vectors with the effect of the 541 stimulation on curvature and online curvature (Stimulation-Baseline for both measures). 542 While there was no systematic relationship between the behavior and the radial component of 543 the current (see Fig 6A) , we observed a significant relationship between the tangential 544 component of the current reconstruction and the curvature measurements for targets jumping 545 to the right (see Figure 6B for online curvature). Importantly, this relationship was again only 546 present on the contralateral side of the stimulation, thus for targets jumping to the right. data points show the significant relationship between the tangential current and change in peak 555 curvature for targets jumping to the right. 556
(2) Relationship between current and EEG. We now have established the correlation 557 between the induced current and the behavioral changes. To investigate whether the current 558 also changed the brain activity, we analyzed the EEG response for trials that jumped either to 559 the left or to the right. We measured the EEG in the baseline and the post-stimulation session, 560 which allowed us to compute the effect of the stimulation on the brain activity. Recall that, 561 during the stimulation, the sensors are being used for stimulation and thus cannot be used to 562 record EEG activity. We computed TFR response for each session and direction of target 563 jump separately and then computed the difference between the post-stimulation and baseline. 564 Figure 7 shows the difference in power across the different frequencies for anodal and 565 cathodal stimulation respectively for targets jumping to the right. By looking at the figure it 566 seems that anodal stimulation is slightly decreasing the power of alpha and beta frequencies 567 shortly after the target jump, whereas cathodal stimulation seems to increase the power in a 568 similar range (compare Figure 7 A+B) . To relate these changes with the induced current we 569 wanted to establish areas in the TFR that were related to the induced current. Similar to the 570 relation of the behavior, we found that the tangential current was related to the TFR responses 571 for targets jumping to the right. Significant correlations were found quite localized at 11-14 572 Hz (alpha) in the first 100 ms after target jump and 20-26 Hz (beta) between 100 and 200 ms 573 after target jump (see Figure 7C ). As a representation of the observed correlation and in order 574 to quantify the effect of the stimulation we extracted the average TFR response for targets 575 jumping to the right for each participant in these time windows (see Figure 7D ). For these 576 time windows we found a significant difference between the effect of anodal and cathodal 577 stimulation for targets jumping to the right (t (7) = 3.23, p = .015). Anodal stimulation led to a 578 reduction of the power (M = -0.42, SD = 0.59), while cathodal stimulation increased the 579 power (M = 0.22, SD = 0.28). This was true for the alpha as well as the beta activity, as the 580 change in power in those two time windows was highly correlated (r (16) = .81, p <.001). If 581 we computed the same difference for targets to the left we observed no significant correlation 582 with the current and also no difference in the TFR representation (t (7) = 0.44, p = .67). Thus, 583 we can establish a systematic influence of the induced current on the TFR response for targets 584 jumping to the contralateral side of the stimulation. Note that this analysis was irrespective of 585 any behavioral changes and only considered the lateralization of the brain with respect to 586 coding of target jump direction. between the TFR response for targets jumping to the right and the tangential current. The p-594 value of these correlation is color-coded and to improve visibility only significant parts are 595
shown. (D) Correlation between the average TFR values in the significant portions and the 596 induced tangential current. Targets that jumped to the left are depicted by the black triangles 597
pointing to the left. The significant relationship between tangential current and changes in the 598 TFR for targets jumping to the right are depicted by the red open triangles pointing to the right. 599
The solid line shows the regression for the targets jumping to the left, the dotted line shows the 600 regression for the targets jumping to the right. 601
(3) Mediation of the relationship between current and behavior via brain activity. Based 602 on a causal interpretation of the effects, the induced current influences the brain response and 603 this changed brain response should then affect the behavior. We now ask whether the 604 independently established changes in EEG serve as a mediator for the relationship between 605 current and behavior. 606 We tested for a relationship between the changes in EEG and behavior and observed a 607 significant relationship between the changes in the TFR and curvature (r(16) = .62, p = .01; 608 see Figure 8 ) as well as the curvature over time for targets jumping to the right (r(16) = .73, p 609 =.001). Crucially, when we controlled for the changes in the TFR response by controlling for 610 these changes in a partial correlation between the tangential current with the behavior, the 611 correlations were significantly decreased (see Figure 8 for curvature; r (16) = -.54, p = .035 612 for online curvature). 613 Thus, when taken together we found a polarity-specific modulation of the online correction 614 for targets jumping to the contralateral side of the stimulation. Anodal stimulation slightly 615 improved the correction, reflected in a lower curvature, whereas cathodal stimulation 616 produced the opposite effect. We found a significant relationship between the tangential 617 current and the observed behavioral changes and could successfully establish the changes in 618 the EEG response as a mediator of this effect. These results suggest that the induced current 619 adjusted the early alpha and beta oscillations after the target jump and these changes then 620 affected the online correction performance. The goal of our study was to establish a causal role of the PPC for online reach control. We 629 were able to show not only the effects on behavior, but more importantly, reconstruct the 630 causal structure of the stimulation with a mediation analysis. This was achieved by using a The exact behavioral and neural mechanisms of how movements can be adjusted in flight are 655 still unknown, however recent optimal feedback control models provide a potential 656 framework for understanding how the brain might achieve this (Todorov & Martin, 2002 ; 657 Scott, 2004; . These models propose that after establishing a behavior goal, the 658 state of the body is estimated based on a combination of efferent and delayed afferent 659 information and then the motor action is implemented by a control policy which will 660 continuously control the movement (Scott 2016; Heed et al., 2016; Scott, 2017) . One key 661 advantage of the optimal control theory framework is that it can explain why despite some 662 variability in the individual trajectories (see Figure 3) , the endpoints of a movement are still 663 comparable and accurate. 664 To probe the online correction system studies typically use two different manipulations: 665 perturbations of the ongoing movement to change the estimation of the hand position or 666 perturbations of the target position to change the estimate of the task goal (for reviews see 667 2016) . Participants are faster in reacting to a mechanical perturbation than to a 668 change in the visual target location (Dimitriou et al. 2013 ), suggesting that there are possible 669 differences in the system when changing either the state estimate or redefining the task goal. 670 In line with this interpretation, the faster but less reliable somatosensory information is mainly 671 used to estimate the state of the body even when visual information is available (Crevecoeur, 672 Munoz & Scott, 2016) . In contrast, a target step like in our experiment can only be signaled 673 by visual information, requiring an updating of the reach goal. Based on the long latency (~ 674 250-300 ms) of the online correction in our task, the large target step in our case seems to 675 reflect a higher-level corrective process redefining the task (Scott, 2016) instead of an already 676 present internal representation of different motor plans (Nashed, Crevecour, Scott, 2014) . 677 The PPC could serve as a state estimator, due to its multiple afferent connections and role in line with previous studies, we observed changes in these two frequency bands. 721 Our results show that stimulation with tDCS influenced the power of alpha and beta 722 frequency bands. Anodal stimulation significantly reduced alpha and beta power (Figure 7) , 723 suggesting that a more efficient online correction is based on a combination of less inhibition 724 of the old goal and a better integration of the state estimate and the new goal. Cathodal 725 stimulation led to an increase in power in both frequency bands, suggesting a stronger 726 inhibition of the previous movement goal with less integration of the state estimate with the 727 new movement goal, leading to an even higher curvature than without stimulation. 728 Remarkably, we could reconstruct the two relevant frequency bands based on a correlation 729 between our two independent measurements of changes in the brain activity, without taking 730 into account the behavioral changes ( Figure 7C ). The correlation with the induced current also 731 provided the same temporal structure: an early alpha response after the target jump followed 732 by a slightly later beta activity. However, it is important to note, that despite their potential 733 different functions, alpha and beta frequencies seems to be coupled (Grabot et al., 2019) as 734 changes in their respective power were highly correlated in our study. 735 After the decision to adjust the ongoing movement there are two possibilities for how this can Figure 4 ). But as participants improved in the task across 758 the different sessions, it could be the case that the learning effect, in addition to a lack of 759 statistical power, could hide additional effects, for example an influence on the latency of 760 online correction. Based on the learning effect one possibility is that our results could also be 761 interpreted based on an increase or impairment of trial-by-trial learning, while anodal 762 stimulation increases the learning and therefore leads to smoother corrections. To rule that 763 explanation out, in future work one could add an additional sham condition to measure the 764 change in behavior without any stimulation. However, based on the fact that people got more 765 comfortable with the task with continuous practice throughout the task and the fact that we 766 did not observe any polarity specific effect on other parameters like the accuracy or latency of 767 online correction, we propose that there was a direct influence of the tDCS on the online 768 control during reaching. 769 While the EEG recordings provide good temporal resolution, its spatial resolution is limited the change in brain activity via EEG, we could validate our current reconstructions due to the 795 relationship between the induced current and changes in relevant frequency bands in the EEG. 796 Thus, our study design together with the applied mediation analysis can overcome some of 797 the caveats of the individual measurements and has one big advantage: it is possible to 798 establish the causal structure of the stimulation while at the same time gain insight into 799 potential mechanisms due to the continuous change in brain activity and behavior, which is 800 not possible with real or virtual lesions who simply disrupt the activity. It also allows to 801 integrate and make use of the variability that is typically found in the results of tDCS studies 802 (Jacobsen et al., 2012) by the use of a regression-based mediation analysis, as a step to make 803 tDCS a more useful tool for research and clinical applications.
804
Establishing causality for functional reorganization 805 One goal in neuroscience is to uncover how specific areas of the brain mediate specific the brain responds to a change, but it may or may not answer a causal question about the 816 function of a brain region in isolation (Young et al, 2000) . 817 By combining current reconstructions, EEG analysis and behavioral changes, we provided a 818 new methodological approach to address causal questions about how the brain responds to 819 HD-tDCS over time. We used this methodology to gain evidence for the causal role of an 820 externally applied electric field centered around mIPS (stimulation period) on future EEG 821 activity and reaching behavior during the stimulation. Since the EEG recorded at the 822 stimulation site reflects a spatial summation of neural activity in the brain, and not just that of 823 mIPS, our results implicate the underlying network with which it participates. Future work 824 could leverage our causal methodologies to probe how multiple brain regions interact 825 following brain stimulation, and the combination of our measurements can be adapted to 826 almost any behavioral task and stimulation of different areas. This is an important step 827 towards translating knowledge of the adaptive brain to our understanding of functional 828 localization of behavior. 
